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M a n u s c r i p t Table 1 Osmotic adjustment (MPa) in the grafted pepper plants (cultivar 'Verset') onto the pepper accessions 5, 8, 12 and 14. Ungrafted 'Verset' plants were used as controls. Determinations were performed after 7 (T1) and 14 (T2) days under water stress conditions by PEG addition (3.5% and 7%). Each value is the mean of six independent determinations. M a n u s c r i p t natural variability of Capsicum spp and selected accessions tolerant and 4 sensitive to water stress as rootstocks. The behavior of commercial cultivar 5 'Verset' seedlings grafted onto the selected rootstocks at two levels of water 6 stress provoked by adding 3.5 and 7% PEG (polyethylene glycol) was 7 examined over 14 days. The objective was to identify the physiological traits 8 responsible for the tolerance provided by the rootstock in order to determine if 9 the tolerance is based on the maintenance of the water relations under water 10 stress or through the activation of protective mechanisms. To achieve this goal, 11 various physiological parameters were measured, including: water relations; 12 proline accumulation; gas exchange; chlorophyll fluorescence; nitrate reductase 13 activity; and antioxidant capacity. Our results indicate that the effect of water 14 stress on the measured parameters depends on the duration and intensity of 15 the stress level, as well as the rootstock used. Under control conditions (0% 16 PEG) all plant combinations showed similar values for all measured 17 parameters. In general terms, PEG provoked a strong decrease in the gas 18 exchange parameters in the cultivar grafted onto the sensitive accessions, as 19 also observed in the ungrafted plants. This effect was related to lower relative 20 water content in the plants, provoked by an inefficient osmotic adjustment that 21 was dependent on reduced proline accumulation. At the end of the experiment, 22 chronic photoinhibition was observed in these plants. However, the plants 23 grafted onto the tolerant rootstocks, despite the reduction in photosynthetic rate, 24 maintained the protective capacity of the photosynthetic machinery mediated by 25 M a n u s c r i p t 4 osmotic adjustment (based on higher proline content). In addition, water stress 26 limited uptake and further NO 3 transfer to the leaves. Increased nitrate 27 reductase activity in the roots was observed, mainly in plants grafted onto the 28 sensitive rootstocks, as well as the ungrafted plants, and this was associated 29 with the lessened flux to the leaves. This study suggests that PEG-induced 30 water stress can be partially alleviated by using tolerant accessions as 31
rootstocks. 32
Introduction 36
Pepper is one of the most important cultivated crops in the 37
Mediterranean climate, where water shortage is a major problem limiting 38
productivity. An improvement of plant yield under drought is one of the main 39 scientific and economic challenges in these areas. Plants exposed to water 40 stress may have different types of response: susceptibility, resistance mediated 41 by avoidance, or tolerance. Water stress plant tolerance involves biochemical, 42 physiological, and morphological mechanisms that enable plants to function 43 during periods with decreased water availability (Nio et al., 2011) and prevent or 44 alleviate damage. One of the important pathways to enhance water stress 45 tolerance is through osmotic adjustment (OA), which maintains the leaf turgor 46 necessary for stomatal opening and thus sustains photosynthesis and growth 47 and there are no reports on physiological alterations of pepper after grafting and 80 exposure to water stress. Water scarcity is a major problem in arid and semi-81 arid regions and limited information exists regarding water stress tolerance in 82 pepper grafted plants using accessions as rootstock. Our study offers promising 83 results that could improve the understanding of several physiological 84 mechanisms involved in scion and pepper rootstock interaction under water 85 stress conditions. 86
In previous experiments we selected four accessions: two that were 87 resistant and two that were sensitive to water stress (Calatayud et al., 2011) . 88
The aim of the present work is to study the responses to water stress of a 89 commercial pepper cultivar grafted onto these rootstocks in order to identify the 90 physiological traits responsible for the tolerance to this stress. Furthermore, we 91 want to assess if this tolerance is based on the ability to maintain the water 92 relations under low water availability little water is available; or through the 93 activation of protective mechanisms in the scionand if these effects depend 94 on intensity of the water stress. For this purpose, several physiological 95 parameters were determined, including: photosynthesis; chlorophyll (Chl) 96 fluorescence; lipid peroxidation levels; relative water content (RWC); proline 97 concentration; osmotic potential; and NR activity. We present evidence that 98 grafting plants onto appropriate (tolerant) rootstocks is a good tool against water 99 stress mediated by an efficient osmotic adjustment. Furthermore, these M a n u s c r i p t 7 physiological parameters could be useful for screening processes when 101 selecting tolerant plants. The treatments were defined by three PEG levels (0%, 3.5%, and 7%) and Nitrate reductase activity (EC 1.6.6.1) was determined in vivo following 199 the methods described by Hageman and Hucklesby (1971) and Jaworki (1971) . The non-specific background absorbance reading at 600 nm was subtracted 218 from specific absorbance reading at 532 nm. Sampling and replicates used as 219 described for proline determination. 
Plant water status 231
Seedling under control conditions maintained RWC leaf values above 232 90% during the experiment (Fig. 1) . The presence of PEG in the nutrient 233 solution reduced the RWC of the leaves (Fig. 1) . At T1 this effect was more 234 dramatically observed at 7% PEG, and the ungrafted cultivar was the most 235 sensitive (37%; Fig. 1A ). The 12/cultivar and 14/cultivar plants were less 236 affected (70% and 68%, respectively; P < 0.05). After 14 days (T2) RWC fell, 237 even at 3.5% PEG (Fig. 1B) . The ungrafted plants, as well as the 5/cultivar and 238 8/cultivar plants had lower RWC values at 80% (P < 0.05). These genotypes 239 showed the lowest reductions at 7% PEG (Fig. 1B) , and the ungrafted plants 240 had the lowest RWC values (35%), followed by the 5/cultivar and 8/cultivar 241 plants (P < 0.05). The 12/cultivar and 14/cultivar plants maintained RWC values 242 near 90% under 3.5% PEG without significant differences with respect to their 243 controls and between 63%-65% at 7% PEG, respectively (P < 0.05). 244 M a n u s c r i p t exposure and PEG concentration. At 3.5% PEG, the 14/cultivar plants showed 250 the largest decreases (P < 0.05) in  s at T1 and T2 ( Fig. 2A,B ). This effect was 251 also observed at T1 in the ungrafted plants and in the 12/cultivar plants at T2. 252
At higher PEG concentrations, the 12/cultivar and 14/cultivar plants showed the 253 lowest  s values during the experiment (P < 0.05). Furthermore, the 5/cultivar 254 and 8/cultivar as well as the ungrafted plants showed significant but less intense 255 decreases (Fig. 2) . 256
Osmotic adjustment was observed at T1 in ungrafted plants and in 257 14/cultivar plants at 3.5% PEG, and in 12/cultivar and 14/cultivar plants at 7% 258 PEG (Table 1) . After 14 days, the highest OA was induced in the 12/cultivar and 259 14/cultivar plants at both PEG concentrations (Table 1) . PEG provoked a significant reduction in the photosynthetic rate ( Fig. 4A,  276 B), stomatal conductance (Fig. 4C,D) , and photochemical PSII efficiency ( Fig.  277 
4E,F) in the studied pepper genotypes. 278
At T1 the A N progressively diminished with the drought stress level in the 279 ungrafted plants and 5/cultivar plants (Fig. 4A ). In the 8/cultivar and 14/cultivar 280 plants no significant effect of 3.5% PEG was observed; and in the 12/cultivar 281 plant, the photosynthetic rate fell at 3.5% PEG; but did not fall further at 7% 282 PEG. In the ungrafted plants, the photosynthetic rate reached null values at T2 283 in the 7% PEG media (Fig. 4B ). At this concentration, the 12/cultivar and 284 14/cultivar plants showed smaller reductions (P < 0.05) in the photosynthetic 285 rate. No effect for PEG concentration was observed in the grafted plants at T2 286 ( Fig. 4B ). 287
Differences in the stomatal conductance to drought were observed 288 among genotypes (Fig. 4C,D) . At T1, the ungrafted plants, 5/cultivar, and 289 8/cultivar plants maintained higher stomatal openings at 3.5% PEG when 290 compared to 12/cultivar and 14/cultivar plants (P < 0.05). In addition, g s fell to 291 values near zero at 7% PEG in these genotypes. By contrast, stomata closed to 292 values near 0.1 mol m -2 s -1 in 12/cultivar and 14/cultivar plants, irrespective of 293 the stress level (Fig. 4C) , and did not change at T2 (Fig. 4D ). Stomatal M a n u s c r i p t 15 conductance was also strongly reduced in the ungrafted, 5/cultivar, and 295
8/cultivar plants at T2. 296
Substomatal CO 2 concentration (Ci) decreased with stomatal closure in 297 all grafted plants (data not shown). In contrast in the ungrafted cultivar, Ci 298 increased (P < 0.05) at low stomatal conductances under water stress. 299
No effect for 3.5% PEG on the  PSII was observed at T1 in the ungrafted, 300 5/cultivar, and 8/cultivar plants (Fig. 4E) . By contrast, this parameter fell by 301 more than 55% of the control values at 7% PEG in these genotypes. In 302 12/cultivar and 14/cultivar plants, the reduction provoked by PEG ranged from 303 75 to 81% of control values at T1, irrespective of the stress level. At T2, the 304 response of the photochemical PSII efficiency was similar to that observed for 305 the photosynthetic rate (Fig. 4B) . 306
Similar Fv/Fo values were observed for all genotypes under control 307 conditions (Fig. 5A,B) . No changes were produced at T1 by 3.5% PEG, except 308 for the 8/cultivar plants (where Fv/Fo increased with respect to its control). 309
However, at 7% PEG, Fv/Fo fell in the ungrafted plants (32% of control value) 310 and, to a lesser extent in the 5/cultivar and 8/cultivar plants (Fig. 5A) . At T2, the 311 decrease in Fv/Fo increased with the stress level (Fig. 5B) . The ungrafted 312 plants showed the lowest values, being zero at 7% PEG; while 12/cultivar and 313 14/cultivar plants showed the smallest reduction (P < 0.05) in Fv/Fo at 7% PEG 314 ( Fig. 5B) . 315 M a n u s c r i p t 16 Differing responses of NR activity to drought were observed in leaves 318 and roots (Fig. 6) . NR activity increased in roots (Fig. 6B,D) in all the water 319 stress treatments when compared to control conditionsthe highest values (P 320 < 0.05) being for ungrafted plants, 5/cultivar, and 8/cultivar plants at 7% PEG 321 and T2 (Fig. 6D) . By contrast, water stress decreased NR activity in the leaves, 322 and the lowest value (P < 0.05) was observed for ungrafted plants at 7% PEG 323 followed by 5/cultivar and 8/cultivar plants (Fig. 6A, C) . In the leaves, after 7 and 324 14 days of severe water stress, 12/cultivar and 14/cultivar plants showed the 325 highest NR activity levelswhile the lowest values were observed in the 326 ungrafted plants. 327 328
Lipid peroxidation 329
Lipid peroxidation in pepper leaves increased with time and PEG levels 330 ( Fig. 7) . At T1 MDA content increased with higher PEG levels (Fig. 7A ) in all 331 plants. The increase was highest in the ungrafted plants. After 14 days of 332 exposure, lipid peroxidation increased significantly at 7% PEG in all plants and 333 12/cultivar and 14/cultivar plants at 3.5%. It is noteworthy that no further MDA 334 accumulation was produced in these genotypes at 7%, whereas MDA 335 accumulated to higher levels in 5/cultivar, 8/cultivar, and ungrafted plants (Fig.  336   7B) . mammosum -(with a greater ability for passive water uptake) maintained 354 higher leaf water potential than self-grafted plantsdespite greater water loss 355 through transpiration under water stress conditions (Weng, 2000) . 356
An alteration in the relationship between RWC and  s was found. In this 357 sense, the leaf  s was lowest in 12/cultivar and 14/cultivar plants, compared 358 with 5/cultivar, 8/cultivar, and ungrafted plants; although the RWC values at 359 3.5% PEG in T1 and T2 remained unchanged. This can be explained by the fact 360 that the relationship between  s and RWC is not unique (Acevedo et al., 1979) , 361
and other factors such as the rate of transpiration, stomatal aperture, or 362 development of the root system can modulate this relation (Weng, 2000) . 363
Nevertheless, decreases in  s may have contributed to the ability of these 364 accessions (12 and 14) to uptake more water from the nutrient solution and 365 could have minimized the harmful effects of water stress (Nio et al., 2011; Ming increase in protective non-radiative energy dissipation associated with a 432 regulated decrease in photochemistrydescribed as down-regulation and/or 433 chronic photodamage of the PSII centers (Genty et al., 1989; Osmond, 1994) . 434
The Fv/Fo ratio seems a robust parameter, and several authors have concluded 435 that PSII photochemistry cannot be impaired by relatively severe water stress; 436 although A N and gs can decrease significantly (Lawlor and Tezara, 2009 ). In our 437 experiment, all plant combinations, regardless of the Fv/Fo values, showed a 438 significant decrease in the net carbon gain, due in part to stomatal closure that 439 restricts water losses. The decrease in the rate of photosynthesis may be due to 440 the chronic water stress effect of metabolic inhibition, or the down-regulation of M a n u s c r i p t of primary metabolism to continue for the plant to tolerate water deficit (Foyer et 445 al., 1998) . The ability to maintain the functionally, or protective capacity of the 446 photosynthetic machinery under water stress, is of major importance for drought 447 tolerance in pepper plants (del Amor et al., 2010) . Our results indicate that 448 rootstocks 12 and 14 provide the variety with the ability to maintain water 449 relations and protective mechanisms that enable the maintenance of a residual 450 photosynthetic rate (on 'stand-by'). The robust behavior of the cultivar 'Verset' 451 grafted onto accessions 12 and 14 was in accordance with our previous results 452 in field conditions where water availability was reduced by 50% compared to the 453 control treatment (Calatayud et al., 2013) . In this experiment, pepper cultivar 454 grafted onto these genotypes showed higher marketable fruit production when 455 compared with ungrafted plants and 'Verset' grafted onto 5 and 8 (Calatayud et 456 al., 2013) . 457
Maintenance of tissue water status helps the plants to avoid the 458 dehydration and protects the carboxylation and other enzymes from inactivation 459 and denaturation (Anjum et al., 2012) . By contrast, a strong decrease in the 460 photosynthetic rate in 5/cultivar, 8/cultivar plants, and ungrafted plants, along 461 with a decrease in RWC (a weak osmotic adjustment), and a decrease in Fv/Fo 462 was observed under water stress. In the absence of protective mechanisms, an 463 increase in oxidative damage was produced (measured as lipid peroxidation) 464
and chronic photoinhibition of metabolic machinery limiting photosynthesis. The 465 degree of oxidative stress has been described as being closely associated with M a n u s c r i p t 22 the resistance/susceptibility of a genotype to water stress (Mittler, 2002; Anjum 467 et al., 2012) . 468
At the whole plant level, water scarcity induces complex changes in C 469 and N metabolism resulting from modifications in the availability of nutrients 470 (Foyer, 1998; Imsande and Touraine, 1994) . In addition to the discussed 471 changes in carbon assimilation, water stress may restrain nitrate acquisition by 472 have free access to nutrients, NR activity was higher in leaves than in roots in 477 all plant combinations at T1 and T2. The reduction of NO 3 in the leaves may 478 provide the advantage of enabling the direct use of excess reductants produced 479 by photosynthesis (Pate, 1983) . In our work, the predominant site of This could be because the remaining water transpiration flux (highest E values) 507 enables reductions through the NO 3 transport to the leaves. The significant 508 increase in root NR activity may indicate that nitrate flux to roots was not 509 restricted by water stress and that active NO 3 reduction occurs in the roots, 510 possibly due a minor transpiration flux to leaves. 511
Considering the overall results of this study, we can conclude that the 512 response of commercial pepper cultivar to water stress can be improved by 513 grafting when using appropriate accessions as rootstocks. It seems that grafting 514 methods could be a useful tool for increasing resistance to water stress. Under 515 these experimental conditions, accessions 12 and 14 grafted onto cultivar 
